Decay Widths of X(1835) as NN Bound State 
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Partial decay widths of various decay channels of the X(1835) are evaluated in the 3 Po quark 
model, assuming that the X(1835) is a NN bound state with the quantum number assignment 
I G (J FC ) = + (0 _ + ). It is found that the decays to the pp, lulu and 7rao(1450) states dominate 
over other channels, and that the product branching fractions Br(J/ijj — > ^X)Br(X — > imr]) and 
Br(J/ip — > / yX)Br(X — > irirn') axe in the same order. We suggest that the X(1835) may be searched 
in the 7rao(1450) channel. 

PACS numbers: 14.40. Rt, 12.39.Jh, 13.25. Jx, 13.20.Gd 



I. INTRODUCTION 

An enhancement was observed by the BES Collabora- 
tion [lj in the proton-antiproton (pp) invariant mass spec- 
trum in the radiative decay J/tp jpp. It was concluded 
that the enhancement has properties consistent with ei- 
ther a J PC = ^ or ++ quantum number assignment 
and unlikely stems from the effects of any known me- 
son resonance. The mass and width of the resonance are 



respectively. The possibility that the X(1835) and the 
resonance reported in Rcf. j]J are the same entity was 



checked in Rcf. fl . Redoing the S-wave Breit-Wigner fit 

n 

to the pp invariant mass spectrum of Rcf. [1[ , including 
the effect of final-state-interactions on the shape of the 
pp mass spectrum 0, yields a mass M = 1831 ± 7 
McV and a width T < 153 MeV which are consistent 
with the A71835) observables in Rcf. m. The A" (1835) 

n 

was confirmed by the BESIII experiment [5J with a sta- 
tistical significance larger than 20er. Up to now, however, 
the spin and parity of the X(1835) has not been well de- 
termined. 

The nature of the A(1835) is still an open question 
though numbers of theoretical works have been done to 
interpret this particle. Among the interpretations are 
the NN bound state [qUi^. the baryonium with sizable 
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25 (syst) MeV and T < 30 



fixed to be M = 1 859^0 (stat 
MeV if it is interpreted as a sing lc J PC = 0- T resonance. 
More recently the BES Collaboration Q analyzed the de- 
cay channel J jvb — > 77r + 7r~?/ and observed a resonance, 
the JT(1835) with high statistics in the 7r + 7r~7/ invari- 
ant mass spectrum, with the product branching frac- 
tion Br(J/V> 7A(1835))5r(A(1835) -> tt+tt-?/) = 
(2.2±0.4(stat.)±0.4(syst.)) x 1CT 4 . The mass and width 
of the X(1835) are determined to be 1833.7±6.1(stat)± 
2.7(syst) McV and 67.7 ± 20.3(stat) ± 7.7(syst) McV, 



gluon content [lTj , the pseudoscalar glueball jl8l42l| , the 



mixture 



2G 



radial excitation of the rj' |22j-2^], and the ?7 c -glueball 



27j . The NN bound state interpretation has 
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been the most natural one since the X(1835) resonance 
is a prime candidate for the source of the pp invariant 
mass enhancement in J/tp — > jpp reaction. However, the 
fact that the X(1835) resonance is not observed in the 
7r + 7r~?7 invariant mass spectrum has been an outstanding 
challenge to the TV TV bound state interpretation. 

The BESII measurement [l| of the photon polar angle 
distribution in radiative J/ip decays favors a J = pp 
system, but the possibility of a J = 1 resonance is not 
excluded. However, the recent BESIII experiment [j^ re- 
veals that the polar angle of the photon in the process 
J/ip — > 7^(1835) agrees well with the form 1 + cos# 7 , 
which indicates that the X(1835) is either a scalar or 
pscudoscalar meson. Therefore, interpreting the X(1835) 
as an TV TV bound state means that the X(1835) could be 
a n S , 31 S , 13 P Q , or 33 P state. 

- 3tj] of TV TV annihilations 



The investigations in Ref. 128H3C 
and TVTV bound states in the 3 Pq quark model reveal 
that the dominant decay modes of 31 So, 11 So, 13 Po and 
33 Pq NN bound states are the poj and irp channels, the 
pp and uiui channels, the tttt, rjrj, pp and ljlo channels 
and the ttt\ and pui channels, respectively. It may be 
difficult for the BES detectors to observe resonances in 
the Att, 57r or Qtt channel, but we expect that the BES 
Collaboration is able to retrieve a resonance if it decays 
mainly to the tttt, 3tt, r/rj or tttj state. Up to now there 
has been no report from the BES Collaboration of such 
a resonance from the tttt, 3tt, r\r\ or irr\ channel. One 
may conclude that the X(1835) is unlikely to be a 31 So, 
13 P or 33 P NN bound state, and hence that a 11 So 
NN bound state might be the only candidate for the 
X(1835). Studies of the J/tp decays J/ip — > jTT + TT~ri and 
~fpp in Ref. jf], Q] m a semi-phenomenological potential 
model reveal that the explanation of both the reactions 
may be given by a broad 11 So NN bound state near 
the NN threshold. However, the investigations of the 
spectrum of NN bound states in microscopically derived 
NN potentials jsij and in phenomenological potentials 



In this work we evaluate the partial decay widths for 
various decay channels of the X(1835) in the 3 Po quark 
model, assuming that the X(1835) is a n So NN bound 
state with the quantum number assignment I G (J PC ) = 
+ (0 h ). The paper is arranged as follows: In Sec- 
tion II we calculate the decay widths for two-body decay 
channels. The partial decay widths for the tt + tt~t] and 
7r + 7r~?/ channels are estimated in Section III. Discussion 
and conclusions are given in Section IV. 

II. X(1835) TO TWO MESONS 

Interpreted as a TV TV bound state with the quantum 
number assignment I G (J PC ) = 0+(0~+), the X(1835) 
may mainly decay to the two-meson final states pp, 
uju) , 7ra (1450), j;/ (1370), ?// (1370), 7ra 2 (1230) and 
77/ 2 (1270) as well as 7ra (980), ?7/ (600) and r// (600). 
The transition amplitude of JV(1835) to two mesons takes 
the form 

T x ^ Ml M 2 = (MiM 2 \V\NN)(NN\X) 
dp 



(2tt) 3 / 2 ^^^'iifeK^W 

where $x (p) is the TV TV bound state wave function of the 
X(1835) in momentum space, normalized according to 



dp 

W) 1 



I<Mp)| 5 



1. 



(2) 



30 have not found such a So TV TV bound state 



k is the relative momentum between the two final mesons, 
and p the relative momentum between the nucleon and 
antinucleon of the X(1835) in the center-of-mass sys- 
tem. Tjj n _^ MiM (p, k) is the transition amplitude of a 
free nucleon- antinucleon pair to two mesons. 

In this work we study TV TV annihilations to two mesons 
in the A2 quark line model, as described in j^ . where 
the effective quark annihilation operator takes the quan- 
tum numbers of the vacuum ( 3 Pq, isospin 1 = and color 
singlet). Meson and baryon decays and TV TV annihilation 
into two mesons are well described phenomenologically 
using such an effective quark- antiquark vertex. At least 
from meson decays, this approximation has been given a 
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rigorous basis in strong-coupling QCD. The nonpertur- 
bative qq 3 Pq vertex is defined according to Ref. 32| 

V ij = A E *% Y iM ' £)* (3) (* + ,(3) 
n 

where A is the effective coupling strength of the 3 Pq ver- 
tex, Yi M (q) = \q\yin(q) with ^(g) being the spherical 
harmonics in momentum space, and \ l p and 1q are unit 
operators in flavor and color spaces, respectively. The 
spin operator crj 5 ^ destroys or creates quark-antiquark 
pairs with spin 1. 

The internal spatial wave functions for both the 
baryons and mesons are taken in the harmonic oscilla- 
tor approximation in the work. The S-wave meson wave 
function can be expressed in terms of the quark momenta 
as 

1.2 



(M\q t qj) = N M cxp j-^- - q^ j xm, 



(4) 



with Nm = (6 2 /7r) 3 / 4 and b is the meson radial param- 
eter. The spin-color-flavor wave function is denoted by 
Xm- The baryon wave functions are given by 



(B\qiqjqk) 



N B exp < - 



% - <lk) 2 + 



(<Tj +gfc -2g t ) 2 



Xb, 
(5) 



where Nb = (3a 2 /tt) 3 ^ 2 with a being the baryon radial 
parameter, and xb is the spin-color-flavor wave function 
of baryons. 

The transition amplitude of NN annihilations to two 
mesons can be written in terms of the partial waves of 
the initial and final states, 



T- 



JVJV->MiM 2 



LM Im 



Ylm{p) Tfi(j>, k) Yi m (k) 



(6) 



In the low-momentum approximation, the partial wave 
transition amplitude Tfi (p, k) is derived in the A2 quark 
line diagram as 



T fi (p,k) = X 3 F l L (p)Gf(k){f\0 A Ai) 
■cxp{-Q 2 pP 2 -Q 2 k 2 } 



The index i represents the initial state 2I+1 ' 2S+1 Lj with 
/, </, L and 5* being respectively the total isospin, total 
angular momentum, orbital angular momentum and to- 
tal spin while the index / stands for the final two meson 
states with I being the relative orbital angular momen- 
tum between the final two mesons. FP(p) is a function 
of p = \p\ and the meson and baryon radial parameters 
a and b while Gf(k) is a function of k = \k\, a and b. Q 2 
and Q 2 are geometrical constants depending on the ra- 
dial parameters. The matrix elements (/|Oyt 2 |i) are the 
spin-flavor weights for the quark line diagram A2 . Listed 
in Table I are the (f\0A 2 \i) values, normalized to the pp 
channel, for annihilations of the initial 11 So NN state to 
various two-meson channels. 

In the low-momentum approximation, Gf(k) in eq. (O 
are derived as 



with 



GT=i(k) = k(l + Ak 2 ) 



a 2 b 4 (3a 2 + b 2 ) 



(8) 



(9) 



2 (3a 2 + 2b 2 ) (9a 4 + 136 2 a 2 + 36 4 ) 

for the annihilation processes of the initial 11 So NN state 
to two s-wave mesons, and 



GU\k) = B^l + Bk 2 ) 



(10) 



for the reactions of the initial 11 So NN state to the fi- 
nal states of one s-wave and one p-wave mesons, where 
Gf=o{h) (Gf^i^)) i s f° r the final state with one p-wave 
meson of spin J = ( J = 2). B, B\ and C\ in cq. (|T0]) 
are functions of the size parameters a and b, taking the 
forms 

- 2 (27a 4 + 45& 2 a 2 + 86 4 ) 



B = 
Bi = 
Ci = 



6 (6a 4 + 136 2 a 2 + 6b 4 ) ' 
b (2a 2 + 36 2 ) 
9a 4 + 136 2 a 2 + 36 4 ' 
a 2 6 (27a 4 + 456 2 a 2 + 116 4 ) 



(7) 



27a 6 + 57o 2 a 4 + 356 4 a 2 + 60 6 ' ^ 
Note that we have let F^(p) in eq. the same for all 
annihilation channels just for convenience. 
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TABLE I: {J\Oa 2 \i) an d partial decay widths for annihilations 
of the initial 11 So NN state to two mesons. 



Final states 


(f\OA 2 \i) 


ri/rx(i835)-^pp 


PP 


1 


1 


LJUJ 


1/V3 


0.32 


7ra (1450) 


V2 


0.25 


77/0 (1370) 


1 


0.057 


»/7o(1370) 


1 


0.052 


7ra 2 (1320) 


1/V6 


0.055 


77/2(1270) 


l/(3>/2) 


0.008 



The transition amplitude of annihilations of NN 
bound states takes the form, 

Tf,LsAQ= fp 2 dpT ft (p,k)^ LSJ (p) 7 (12) 



where "fp'sjip) 1S the radial wave function of the initial 
NN bound state in momentum space. The partial de- 
cay width for the transition of TV TV bound states to two 
mesons is given by 

2M J 2E X 2E 2 v 1 2 ' 
5(E - Ex ~ E 2 )\T ftLSJ (k)\ 2 (13) 



r - 



pp— >Mi M 2 



where M is the mass of the NN bound state, and 
Ex,2 = \J fn\ 2 + ^1 2 i s the energy of outgoing mesons 
with mass mx t 2 and momentum kx,2- With the explicit 
form of the transition amplitude given by Eq. (|7j). the 
partial decay width for the X(1835) annihilation to two 
mesons is derived as 



A'- 



> Mi m 2 =\ 2 A2 (f\0 A2 mGf(k)\ 2 F p F k , (14) 



with 



F P = \Ft{p) J P 2 dp ^ LS j(p)exp {-Q 2 pP 2 } | 2 (15) 
and the kincmatical phase-space factor defined by 

The spin-flavor weights {J\Oa 2 \i) are listed in Table I for 
the transition X (1835) M X M 2 . 



The model dependence in Eq. ([T4l may be reduced by 
choosing a simplified phcnomcnological approach that 
has been applied in studies of two-meson branching ra- 
tios in nucleon-antinucleon annihilation 33j and radia- 
tive protonium annihi- lation j^ . Namely, instead of 
the phase space factor of Eq. (|16[) obtained in the har- 
monic oscillator approximation for the hadron wave func- 
tion, we use a kinematical phase-space factor of the phe- 
nomenological form 



f(^X) = k-ex V {-a s ( S - Sl2 ) 1 / 2 } 



(17) 



where S12 = (mi + m 2 ) 2 and y/s = (m 2 + k 2 ) 1 / 2 + (m 2 + 
k 2 ) 1 / 2 . The constant a s = 1.2 GeV -1 is obtained from 
the fit to the momentum dependence of the cross section 
of various NN annihilation channels [35I ]. 

Partial decay widths are evaluated for the processes of 
a 11 So state X(1835) to pp, wu, 7ra (1450), 77/0 (1370), 
?77o(1370), 7ra 2 (1320) and 77/2 (1270). Here the a (1450), 
/o(1370), a2(1320) and /2(1270) are normal p-w&ve 
mesons, and their radial wave functions take the Gaus- 
sian form. It is rather difficult to calculate, in the scope 
of this work and also any quark model, the partial decay 
widths to the states 77/0(600), ?//o(600) and 7rao(980) as 
the nature of the /o(600) and ao(980) mesons is not clear. 
As the ao (980) and /q (600) mesons may have large non- 
qq components 36l438l|. we may expect that the decays 
of the X(1835) to the channels 7ra (980), ??/o(600) and 
i]' fo (600) are less important. 

The theoretical results of partial decay widths are very 
sensitive to the effective coupling constants A of the 3 Pq 
vertex and the size parameters a and b. The meson size 
parameter b is determined to be 3.24 GeV -1 by the reac- 
tion p — > e + e~ as in Refs. I^Ql' which leads to an rms 
radius (r 2 ) 1 / 2 = 0.39 fm for the s-wave mesons, while 
the optimum meson size parameter derived by fitting to 
the partial widths of higher quarkonia [4l| is b = 2.5 
GeV -1 . However, in studies of NN annihilations 
20, |32|, |42j, |43|, the meson size parameter b is globally 
adjusted to 4.1 GeV -1 ((r 2 ) 1 / 2 = 0.50 fm). As for the 



28 
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baryon size parameter a, various values have been em- 
ployed in different works , rangi ng from a = 1.6 GeV -1 
to 3.1 GeV" 



28 30 



32 



42 



50] 



Theoretical results of partial decay widths are expected 
to be sensitive to the NN bound state wave function 
<&x(p) of the AT(1835). However, our poor knowledge 
of NN interactions does not allow us to work out a re- 
liable wave function ^>x(p)- Therefore, we evaluate in 
this work the relative partial decay widths to avoid the 
uncertainties that we have rather poor knowledge of the 
effective coupling constant A and the NN bound state 
wave function §x(p) of the X(1835), and that the me- 
son and nucleon size parameters a and b may range in 
rather large regions. 

It is found that the ratios of partial decay widths are, of 
course, independent of the effective coupling strength A of 
the 3 Po vertex, insensitive to the NN bound state wave 
function $x (p) , and insensitive to the meson and baryon 
size parameters. Indeed, in the low momentum approx- 
imation, the ratios of partial decay widths are indepen- 
dent of the the NN bound state wave function &x(p), 
as shown in Eq. (|14j) . As an example, we shown in Table 
I the relative partial decay widths, normalized to the pp 
channel, of a 11 S'o state X(1835) to two mesons, with the 
baryon size parameter a = 2.0 GeV^ 1 and meson size 
parameter b — 3.24 GcV^ 1 . In the calculation the r\ and 
•q' mesons arc represented as 



\rf) = P\Vn)+a\ Vs ) 

\V) = °i\Vn) ~ P\V*) 



(18) 



in the basis 



V2 



(\uu) + \dd)) 



(19) 



where a and /3 are given in terms of the pseudoscalar 
mixing angle 9 by the relation 

T 



a 



cos 9 



sin 9, 
sin 9 



(20) 



We take the canonical value 9 = —10.7° derived from the 
quadratic mass formula, which leads to a « j3 w l/y/2. 

For the AT(1835) and broad mesons we average over 
the mass spectrum /(//), that is 



r = / dnxfx(px) / dmfi(m) / ^2/2(^2) 



x- 



>MiM 2 (MXjM1jM2) 



(21) 



with the mass spectrum f(p) as in Ref. 

(r,/2) 2 



fi(ri = c- 



(22) 
MiM 2 are 



( M - mo 2 + (r 4 /2)2 

where C is a normalization constant, and V x 
derived in eq. (fT4")l. 

One sees in Table I that the pp, uiuj and 7rao(1450) 
decay channels dominate over others. As the branch- 
ing fractions of the J/ ip one photon radiative decays are 
in order of 10~ 4 to 10 -3 5l|, the branching fractions 
Br(J/t/j -> -fX)Br(X -> pp, louj, 7ra (1450)) are ex- 
pected to be in order of 10~ 5 to 10~ 3 . In high energy 
e + e~ collisions tt mesons are produced in a dominant 
number, which may make it difficult to retrieve the pp 
and ujuj channels. However, one may expect that the 
resonance X(1835) is observed in the 7rao(1450) channel 
given it is a NN bound state. 

III. X(1835) TO rjTv-K AND j/tttt 

The AT(1835) resonance is observed in the tj'tttt chan- 
nel with the product branching fraction Br(J/ip — > 
<yX)Br(-^ 7T+7T-?/) = (2.2 ± 0.4(stat.) ± 0.4(syst.)) x 
10 -4 . In this section we estimate the joint contribution of 
the Trao(1450) and /o(1370)ry channels to the final states 
irirr) and nitr)'. The broad meson /o(1370) may decay to 
27r, 47r, 7777 and KK, with the 2tt channel predominant. 
The refit in Ref. [52 1 to five primary sets of data leads 
to the partial decay widths, 



/o(X370)- 



>T!Tr = 325 MeV, 



r /o (1370)^4 7 r = 54 MeV, 



/o(1370)-»j7j 



r 



0.19 ±0.07. 



/o(1370)- 



(23) 
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Considering that the KK decay channel is usu- 
ally strongly suppressed, one may estimate 
r /o(i370)^7r+7r-/rtoi ~ 0.5 and hence 

T(X -> / (1370)r? -> -qir+ir- 



T(X -> pp) 
r(JC -+ / (1370)V -> Vtt+tt-) 



0.029 

0.026 (24) 



r(A -> pp) 

The ao(1450) meson decays dominantly to ir-q, irrj' and 
KK channels, with the experimental values 

r 



a (1450)— yq'ir 



r 



a (1450)->r;Tr 
ao(1450)-*KK 



0.35 ±0.16, 



0.88 ±0.23. 



(25) 



r ao (1450)^?;7r 

We may estimate the contributions of the 7rao(1450) 
intermediate channel to the final states r)ir + ir~ and 



?7'7r + 7r , 



T(X -> a (1450)7T -> i]n+n-) 



T(X -> pp) 

a (1450)7T -> j/7T + 7T" 



0.075 



0.025 



(26) 



r(x -> P p) 

Assuming that there is no interference between the con- 
tributions of the 7rao(1450) and /o(1370)r? intermediate 
channels, one may derive 

T(X -> -qn+TT-) 



T(X -> pp) 



0.1 



0.05 



(27) 



T(X -> pp) 

Given that the branchin g ra tio Br(J/4> — > (1835)) 
is in order of 10 -4 to 10 -3 [51 1, as other one photon J/ip 
radiative decays, the theoretical estimations in eq. (j2"7| 
indicates that the product branching fraction Br( J/i/j — > 
7A(1835))5r(A(1835) -> irirrf) is in order of 10~ 5 to 
10 -4 , which is line with the experimental data. 



IV. DISCUSSION AND CONCLUSIONS 

Partial decay widths of the A(1835) to various decay 
channels are evaluated in the 3 Pq quark model, assuming 



that the X(1835) is a NN bound state with the quantum 
number assignment I G (J PC ) = + (0 '"). We find that 
the decays of the A(1835) to pp, uilu and 7rao(1450) dom- 
inate over other channels. Based on the large 7rao(1450) 
partial decay width, we would like to suggest the reso- 
nance X(1835) to be searched in the 7rao(1450) channel. 

The contributions of the 7reto(1450), ?7/o(1370) and 
?y'/o(1370) channels to the final states irirr] and irirr]' are 
estimated. It is found that the partial decay widths 
T(X — » r]ir + ir~) and T(X —> r]'ir + ir~) arc in the 
same order. The product branching fraction Br(J/ip — > 
-fX)Br(X — > irirr]') is estimated to be in order of 10 -5 
to 10~ 4 , which is line with the experimental data. 

As a pseudoscalar meson, the A(1835) may decay 
through the KK* and K*K* channels. However, these 
decay modes of a NN bound state are strongly sup- 
pressed 0, [5J1 . It is expected that the product branch- 
ing fraction Br{J/ip -> 1 X)Br(X -> KK*, K*K*) is 
even smaller than Br(J/^p —> jX)Br(X —> irirr]') if the 
A(1835) is interpreted as an NN bound state. 

It is natural to interpret the A(1835) as the second 
radial excitation of rf as it is observed in the rj'irir chan- 
nel. A quark model study [25 1 shows that the A (1835) 
decays to KK* and K*K* states with large partial de- 
cay widths. The product branching fraction Br{J/tj) — > 
jX)Br(X -> KK*, K*K*) shall be much larger than 
Br(J/i' -> 1 X)Br{X -> nnrf). Whether the A(1835) 
could be observed in the KK* and K*K* channels with 
large product branching fractions may tell if it is a radial 
excitation of 77'. 
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